Background The use of quantitative CT analysis in children is limited by lack of normal values of lung parenchymal attenuation. These characteristics are important because normal lung development yields significant parenchymal attenuation changes as children age. Objective To perform quantitative characterization of normal pediatric lung parenchymal X-ray CT attenuation under routine clinical conditions in order to establish a baseline comparison to that seen in pathological lung conditions. Materials and methods We conducted a retrospective query of normal CT chest examinations in children ages 0-7 years from 2004 to 2014 using standard clinical protocol. During these examinations semi-automated lung parenchymal segmentation was performed to measure lung volume and mean lung attenuation. Results We analyzed 42 CT examinations in 39 children, ages 3 days to 83 months (mean ± standard deviation [SD] = 42 ± 27 months). Lung volume ranged 0.10-1.72 liters (L). Mean lung attenuation was much higher in children younger than 12 months, with values as high as -380 Hounsfield units (HU) in neonates (lung volume 0.10 L). Lung volume decreased to approximately -650 HU by age 2 years (lung volume 0.47 L), with subsequently slower exponential decrease toward a relatively constant value of -860 HU as age and lung volume increased. Conclusion Normal lung parenchymal X-ray CT attenuation decreases with increasing lung volume and age; lung attenuation decreases rapidly in the first 2 years of age and more slowly thereafter. This change in normal lung attenuation should be taken into account as quantitative CT methods are translated to pediatric pulmonary imaging.
Introduction
CT imaging is an important tool in the management of lung disease. While clinical CT image interpretation is routinely performed qualitatively, emerging quantitative techniques have shown great potential in the evaluation of lung pathology and pathophysiology. Quantitative methods offer the advantage of objective, reproducible measurements that have been shown to correlate with pathological and clinical lung disease severity, thereby enabling longitudinal studies of disease pathogenesis and the effect of therapeutic intervention. Quantitative CT analysis methods have been employed in adult lung diseases to include chronic obstructive pulmonary disease (COPD) [1] [2] [3] [4] [5] [6] , lung cancer screening [7, 8] , pulmonary fibrosis [9] [10] [11] [12] [13] [14] and asthma [11, [15] [16] [17] [18] .
There are challenges in applying quantitative techniques used in adults to pediatric populations because children's lungs continue to grow and expand in volume from infancy through young adulthood. Increases in lung volume occur by the formation of new alveoli and by expansion of the existing alveolar structure, both of which increase the available surface area for gas exchange [19] . The relative rates of these two processes throughout development are unclear; however evidence shows that classic bulk alveolarization slows in early postnatal life [20] [21] [22] [23] and that this phase is followed by a phase of continued alveolarization at a slower rate through young adulthood [23] [24] [25] . Lung volume and lung tissue mass both increase dramatically throughout somatic growth and have been correlated most closely with body length in children and adults [25] [26] [27] [28] [29] .
The literature describing the imaging characteristics of normal lung development has demonstrated the ability of CT to estimate lung mass, gas volume, and expansion [25, 30] by measuring lung volume and attenuation. Studies focusing on the description of lung parenchymal attenuation have concluded that lung attenuation declines with age [31] [32] [33] [34] [35] [36] . Specifically, data from a study performed by Long et al. [36] imply that lung attenuation declines linearly in the first 2 years of age, and thereafter it approximates adult values, although accurate characterization of lung attenuation after approximately 3 years of age was limited by lack of sufficient data. Prior studies were performed with controlled CT technique; CT acquisitions were obtained at specific lung volumes during both inspiration (total lung capacity) and expiration (functional residual volume) in sedated children during a period of induced apnea [25, 36, 37] . While these prospective experimental studies provide accurate, reproducible measurements of lung attenuation, they are based on controlled CT acquisition techniques and consist of small numbers of children in limited age ranges. There may be difficulty in applying these data to clinical CT studies in which children of variable age and size display varying degrees of lung inspiration and motion artifact; pediatric institutional clinical practice includes various imaging techniques depending on the study indication, patient age and the child's ability to comply with breath-hold maneuvers. The use of multiple CT scanners and software packages in clinical practice also introduces variation relative to controlled studies.
With improvements in the clinical management of prematurity and inherited lung disease, CT imaging plays an important role in the evaluation of pediatric lung diseases such as bronchopulmonary dysplasia [38] , childhood interstitial lung disease, cystic fibrosis [39] [40] [41] [42] [43] [44] and asthma [16, 18] . Furthermore the wider clinical accessibility of volumetric CT [6, 8] and newer lower-dose CT methods [45] [46] [47] [48] that mitigate the risk of ionizing radiation exposure in pediatric patients [49] [50] [51] [52] might allow for more rigorous quantitative studies of pediatric lung disease. However there are limited data quantifying the normal changes of CT lung characteristics in children as they grow [44, 53] .
Quantification of normal pediatric lung parenchymal attenuation has not been performed in a cohort of normal children across a wide age range in a clinical setting. The purpose of this study is to perform precise quantitative characterization of normal pediatric lung parenchymal attenuation in children ages 0-7 years and to evaluate how lung attenuation changes with age. This insight is expected to become increasingly important as automated quantitative analysis techniques are translated to clinical imaging of pediatric lung disease [12, 54] .
Materials and methods

Subjects
Our institutional review board approved this retrospective cohort study and waived informed consent. The study complies with the Health Insurance Portability and Accountability Act. Our institution's database (Illuminate InSight; Softek Solutions, Monterrey, Mexico) was queried for non-contrast CT chest examinations using the search term "normal" in the report impression in children younger than 7 years from 2004 to 2014. A total of 190 studies were obtained from the initial search criteria. We included CT studies with normal findings, which were characterized by homogeneous lung hypoattenuation and standard bronchovascular anatomy. Additional inclusion criteria were studies with contiguous image data and lung reconstruction algorithms. Exclusion criteria were CT studies performed in children with a history of pulmonary disease or radiation therapy to lungs, or those CT studies with atelectasis greater than segmental in amount based on standard bronchopulmonary lung segmentation. Our final analysis included 42 CT studies. We also recorded subject gender, age and weight at the time of imaging, and study indication.
Imaging technique
CT studies were performed on one of the following scanners in supine position: Toshiba Aquilion ONE 320 (20 studies) or Toshiba Aquilion 64 (9 studies) (Toshiba Medical Systems, Otawara, Japan); or GE LightSpeed 16 (12 studies) or GE Discovery STE (1 study) (GE Medical Systems, Milwaukee, WI). All CT studies were performed with a helical or volume acquisition, yielding contiguous image data to facilitate volumetric lung measurement. Slice thickness ranged 3-5 mm. Field of view ranged 14-26 cm. Beam current ranged 14-150 mA and tube potential ranged 80-120 kV. CT dose index (CTDI) ranged 0.37-8.4 mGy; dose reports were not available for 10 studies. Lung algorithm kernels were used to reconstruct the CT images.
Breathing technique was chosen according to routine clinical practice based on the child's age and indication for the study. In general at our institution, young infants are bundled and free breathing, and other children are imaged at suspended inspiration with or without general anesthesia, depending on the child's ability to cooperate. Non-sedated older children (usually 6 years and older) are given consistent verbal instructions to take a full inspiration at the time of image acquisition; intubated, sedated children are imaged at 25-mm H 2 O inspiratory pressure. The precise description of CT breathing technique was not documented in the medical record.
Image segmentation
Lung parenchymal segmentation was performed on each CT study using a semi-automated technique with the commercial software package Amira (FEI Visualization Sciences Group, Hillsboro, OR) ( Fig. 1) . Two distinct parenchymal segmentations were performed: one included any sub-segmental atelectasis in order to determine lung volume, and the second segmentation excluded any sub-segmental atelectasis in order to determine mean parenchymal attenuation. Atelectasis was defined by the characteristic morphology of dependent, linear or wedge-shape parenchymal opacities. Segmental vessels or larger were excluded from both segmentations. An automated threshold segmentation tool was first used to select the lung parenchyma as determined by attenuation; a pediatric radiologist then performed manual modification of the segmentation to include all lung parenchyma and exclude all extraparenchymal tissue based on anatomical morphology. Automated measurement of lung volume was obtained from the parenchymal segmentation that included atelectasis. Automated measurement of mean lung parenchymal attenuation was obtained from the segmentation that excluded atelectasis.
Image analysis
We compared lung volume (as calculated from the image segmentation including atelectasis) to age and fit the data to a linear regression. Mean lung attenuation was compared to lung volume (as opposed to age) in order to provide standardization for variability in patient size and age-based breathing technique during CT acquisition. Mean lung attenuation versus lung volume were fit to an exponential decay.
Lung mass was calculated using the mean lung attenuation and lung volume (including atelectasis) as measured by CT. Mean lung attenuation (HU) was converted to density (g/mL) using the relationship (1,000 + HU)/1,000 = g/mL [55] . Multiplying the density (g/mL) by the volume (mL) yields the lung mass (g).
Gravitational dependence of parenchymal attenuation [55, 56] was quantified using the Java image-processing program ImageJ (National Institutes of Health, Bethesda, MD). A linear plot profile analysis was obtained along the anteriorposterior axis of the lung parenchyma; four measurements obtained in two slices per patient (superior at the level of the carina and inferior at the basilar segmental bronchi origins) were averaged to calculate the gravitational change in parenchymal attenuation (Fig. 2) .
Results
Subjects
We studied 42 CT chest examinations in 39 children (23 girls, 16 boys) with mean age 42 months (SD ± 27 months) and age range 3 days to 83 months. Age distribution was as follows: 11 of the 42 (26%) CT examinations were performed in children 0-24 months, 9 (21%) in children 25-48 months, 17 (40%) in children 49-72 months and 5 (12%) in children 73-84 months. The most common (28/42; 67%) clinical indication for the CT examinations was to evaluate for thoracic metastatic disease in children with extra-thoracic solid tumors. The remainder of the CT study indications were as follows: 2 studies in children with chronic sinusitis; 2 with a history of pneumonia (1 with right lower lobe opacity that had resolved by imaging 10 months prior, and 1 with left lower lobe opacity persistent on radiograph 1 month prior; both children had clear lungs on the included CT study); 3 with possible aspiration; 1 with acute lymphocytic leukemia and fever; 1 with vocal cord dysfunction; 1 with glottic papillomatosis; 1 with laryngomalacia; 1 with severe combined immunodeficiency for pre-bone Fig. 1 Lung segmentation technique. a Standard gray-scale non-contrast axial CT image through the mid-thorax in a 69-month-old girl. b Corresponding magenta-shaded mask highlights the segmented lung parenchyma marrow transplantation evaluation; 1 with complete tracheal rings, and 1 with a radiographic abnormality that was shown at CT to be a result of normal overlying vasculature. Three of the CT examinations were obtained in children born prior to 36 weeks' gestational age; however none of these children had clinical or radiologic signs of pulmonary disease. Subject weight at the time of imaging was available in the electronic medical record for 33 of the 42 examinations (79%). Subject demographics and CT study clinical indications are summarized in Table 1 .
Lung characteristics
Lung volume ranged from 0.10 L (16-day-old) to 1.72 L (69-month-old subject). Lung volume increased with increasing age; the data were fit to a linear regression equation y ¼ 1:27 Â 10
À2
À Á x þ 0:167 where y is the lung volume in liters (L) and x is the subject age in months (R 2 = 0.69) (Fig. 3) . Mean lung attenuation decreased with increasing lung volume; data were fit to a decaying exponential equation y ¼ 433:7 Â e À1:47x ð ÞÀ872:8, where y is the mean parenchymal attenuation in Hounsfield units (HU) and x is the lung volume in liters (L) (R 2 =0.69) (Fig. 4) . Lung attenuation was highest in children younger than 12 months, with measurements as high as -380 HU in a neonate with a lung volume of 0.10 L. Lung attenuation rapidly decreased to~-650 HU by age 2 years, after which there was a slow continuous decrease in attenuation approaching a constant value of~-860 HU, similar to the approximate value of the adult mean lung attenuation reported at full inspiration [57] [58] [59] .
The graph of mean lung attenuation versus lung volume (Fig. 4) demonstrates the large variation in attenuation between the smallest 0.10-L lungs that have a predicted attenuation of -500 HU, and lungs measuring 1 L and larger, which have a predicted attenuation less than -800 HU based on the decaying exponential equation. There was approximately 12-14% variation among children of the same age or lung volume. Lung mass ranged from 61.1 g to 318.5 g. Lung mass increased linearly with increasing age (Fig. 5) .
Gravitational dependence of lung parenchymal attenuation was shown in all children. The attenuation increase in dependent posterior lung was greater than 50% relative to the anterior lung in all four of the children younger than 4 months. The average attenuation increase was 14±10% in children older than 4 months.
Discussion
This study of 42 normal CT examinations provides the largest quantitative analysis of normal pediatric lung parenchymal attenuation to date. It is important to note that our analysis of CT chest examinations performed in routine clinical practice yielded useful results demonstrating the rapid decrease in lung attenuation in young children younger than 2 years, without need for the precise lung volume and technique control of prior studies. The observations of our clinical study are consistent with what has been shown in smaller, controlled prospective studies of lung CT attenuation and gravitational dependence [34] [35] [36] . This consistency supports the potential Mean lung attenuation decreased with increasing lung volume and likewise, age. Compared to prior studies, this relatively larger set of data in young children across a wide age range and distribution up to 7 years old provides a more detailed pattern of lung attenuation decline as the lungs develop. Specifically, the rate of decline in lung attenuation was the most rapid in children younger than 1 year, with lung volumes between 0.10 L and 0.25 L, slightly less rapid in children 1-2 years old with lung volumes between 0.26 L and 0.77 L, and then more gradual in children older than 2 years, with lung volumes ranging 0.38-1.72 L.
The CT-measured lung volumes fall between the predicted total lung capacity and functional residual capacity for patient weight (Fig. 6 ) based on measurements of pulmonary function reported by Castile et al. [60] for infants up to 14.5 kg. CTdetermined lung mass follows the linear regression of predicted pediatric postmortem reference values from Coppoletta and Wolbach [28] (Fig. 5) , which further strengthens confidence in the predictive curve of lung attenuation relationship to lung volume.
Gravitational dependence of lung attenuation was observed with significant variability among children. The relative for children in whom weight values were available. Individual data points indicate the patient age range. Data points fall between the predicted total lung capacity (TLC) and functional residual capacity (FRC) for patient weight. Predicted values are based on equations from [59] . mos months increase in dependent lung attenuation was most pronounced in the youngest children, attributed in part to the lower degree of inspiration in free-breathing infants.
Lung attenuation is a measure of tissue density, which is dependent on the relative amount of gas volume and tissue volume within a given voxel. The variable degree of inspiration and thus lung expansion has a dominant influence on lung attenuation, offering the advantage of examining the clinical implications of CT breathing technique in that lung expansion in children depends on voluntary inspiratory effort or anesthesia-controlled inspiratory pressure, while freebreathing infants are imaged at tidal volume. The observed lung volumes for the youngest children are indeed closer to the predicted functional residual capacity relative to patient weight. It is important to understand and account for these differences in inspiration in the clinical evaluation of pediatric lung disease.
Quantitative CT methods have the potential to alter the clinical evaluation of pediatric lung pathologies in terms of both the imaging technique and interpretation. The ability to distinguish normal from abnormal lung parenchyma based on attenuation characteristics might reduce the need for multiple CT acquisitions now routinely obtained during inspiration and expiration in high-resolution protocols; lung diseases in which expiratory images are required for diagnosis, such as bronchiolitis obliterans, might be evident on images from a single inspiratory acquisition if the normal attenuation range is known, thereby preventing the need for an additional expiratory acquisition that is often difficult to obtain. The evaluation of diffuse lung diseases characterized by altered lung attenuation such as alveolar growth abnormalities and alveolar proteinosis might be improved with quantitative measures and comparison to normal attenuation ranges. The ability to quantify the amount of pathological lung parenchyma in children with bronchopulmonary dysplasia or cystic fibrosis might improve disease classification and yield more tailored treatment strategies. Further studies are needed to elucidate the role and value of quantitative CT methods in the evaluation of pediatric lung disease, and these CT characteristics of normal pediatric lungs provide a foundation of reference values for comparison.
Our study has several limitations. The incomplete record of patient weight and the lack of patient height precluded analyses of body size in relation to lung attenuation. Rather, lung volume was used as a correlate of lung size. In addition, although the aim of the study population is to represent normal pediatric lung parenchyma, CT studies were performed in children for clinical indications that might have introduced some variance from true normal. Although the study population of 42 CT examinations is relatively small, the results provide data for the initial application of CT lung quantitative analysis in children and could be used as a basis for further research in larger trials. Finally, our studies were obtained in a clinical setting subject to the limitations experienced by variability in the precise phase of respiration resulting from patient cooperation, sedation and other technical factors. Although this might be viewed as a limitation compared to a finely controlled prospective trial, it might also be considered a more realistic representation of clinical practice for which this information can be used.
This study provides a foundation of data describing lung parenchymal CT attenuation in a wide age range of children with normal imaging findings. It is important to note that these retrospective data originate from clinical CT studies in which the degree of inspiration and specific CT parameters were not precisely controlled, thereby reflecting common clinical practice.
Conclusion
This study of normal pediatric lung parenchymal CT characteristics is the largest to date and demonstrates the exponential decline in lung attenuation with increasing lung volume. The findings obtained in this analysis of clinical CT examinations are consistent with data from prior highly controlled experimental studies of pediatric lungs. This study is an important addition to the literature in that it provides baseline clinical quantitative data of normal pediatric lung attenuation and its evolution with growth, and can serve as a comparison to quantitative studies of pathological pediatric lung disease.
